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In group 1, 50% specimens failed due to unraveling or slippage with displacement of 

the cerclage wires, 30% due to bone fracture at a cerclage wire, and 20% due to bone 

fracture elsewhere.  In group 2, 80% specimens failed due to bone fracture at one or 

more of the screw holes, whereas 20% failed due to bone fracture not directly 

associated with implants.  No bone plate or screw underwent plastic (permanent) 

deformation, whereas 80% of the intramedullary pins and 30% of the cerclage wires 

underwent plastic deformation.  Mean stress at the yield point in groups 1 and 2 were 

0.323 MPa and 0.403 MPa respectively, at the point of ultimate strength 0.383 MPa and 

0.431 MPa respectively, and at the failure point 0.345 MPa and 0.403 MPa respectively.  

Mean strain at the yield point in groups 1 and 2 were 0.296% and 0.362% respectively, 

at the point of ultimate strength 0.412% and 0.472% respectively, and at the failure 

point 0.713% and 0.838% respectively.   
 

 

Clinically, there was an indication that plates and screws were more resistant to 

deformation by the loads applied than intramedullary pins and cerclage wires.  

However, statistically, there were no significant differences in stress at yield (p = 0.299), 

ultimate strength (p = 0.275), or failure (p = 0.137) between the two groups.  Similarly, 

there were no significant differences in strain at yield (p = 0.684), ultimate strength (p = 

0.778), or failure (p = 0.505) between the two groups.  Main limitations of the study 

were the relatively small number of specimens tested, the smoothness of the osteotomy 

cuts which limited interdigitation between the fragments, and that only three of the five 

recognized loads acting on bones in vivo, were tested in vitro.   

 

In conclusion, this study did not show enough evidence to prove a significant difference 

between the two methods of fixation.  Therefore, it is suggested that intramedullary pins 

and full cerclage wires be used as an acceptable alternative to bone plates and screws 

in the treatment of oblique mid-diaphyseal tibial fractures in chondrodystrophic dog 

breeds.    
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CHAPTER ONE: INTRODUCTION 
 

 
 
1.1. Background 

 

Tibial fractures of diverse aetiologies, displaying various fracture patterns, are a 

common reason for dogs presented for veterinary attention throughout the world. 

 

The dachshund, a chondrodystrophic dog breed, presents a unique challenge in the 

treatment of tibial fractures.  Due to its unusual angular anatomic structure51,52 (see 

Figure 1.1), the dachshund tibia is predisposed to a high frequency of nearly equally 

represented oblique, spiral and comminuted fracture patterns, especially in the middle 

third of the diaphysis9,50,51,52,69,73.   

 

 
FIGURE 1.1.  Mediolateral view of a dachshund tibia (left) and a tibia of a typical non-

chondrodystrophic dog breed (right), indicating the difference in shape.  Note the 

unusual angular anatomic structure of the dachshund tibia. 
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1.4.     Aim  

 

The aim of this study was to compare the breaking strengths and modes of failure 

between the two methods of repair of oblique diaphyseal tibial fractures of dachshunds. 

 

1.5.     Objective and value of this study 
 

The objective of this study was to make recommendations as to treatment options of 

tibial fractures in dachshunds with specific reference to oblique diaphyseal fractures.  

 

Many small animal practitioners do not have access to the specialized and costly 

equipment necessary to apply bone plates, or lack the essential skills to perform such 

operations.  However, many practitioners have access to, and are skilled in using the 

simpler, more affordable equipment necessary to place an intramedullary pin and 

cerclage wires.  For those practitioners in particular, the results from this study will be 

of value.   
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Ductile materials characteristically retain elastic behaviour in the plastic deformation 

area, implicating that after a certain degree of plastic deformation, the material will 

return to a less deformed state when the load is removed, although not to its original 

state. This behaviour is also typical of viscoelastic materials, of which bone is one 

example22,72,77.  (See Figure 2.2). 

 

 
FIGURE 2.2.  Elastic behaviour of a structure after some plastic deformation.  (Redrawn 

from Finlay22).  (A = Zero point (original shape); B = 1st yield point; C = 1st plastic deformation; 

D = Point of return to deformed shape; E = Yield point of deformed specimen; F = Failure point 

after 2nd plastic deformation; A - D = Deformation offset.)   

 

When a structure is loaded beyond the yield point (B), plastic deformation occurs. 

Especially in the case of ductile materials, the structure retains its spring-like action that 

resulted in the initial elastic deformation.  When the load is removed after some plastic 

deformation (C), the structure returns by the same slope than the elastic deformation, 

closer to the original shape or length, but with some plastic deformation (D).  This is 

important in the use of cerclage wires.  When the wire is tightened, it retains the spring 

like action where its mechanical effect will cause static compression of the bone 

fragments8,72.  When the cerclage wire is distracted, such as with bending forces on a 

bone, the wire will again go into elastic (D-E) and plastic (E-F) deformation.  Loosening 

of the wire will occur if the elongation of the wire (plastic deformation after elastic return) 

exceeds the circumference of the bone40.    
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A number of terms have been defined for the purpose of identifying the stress at which  

plastic deformation begins:  

 

Yield strength is defined as the stress at which a predetermined amount of permanent 

deformation (strain) or offset occurs.  Offset yield strength can be defined as an 

arbitrary approximation of the elastic limit28, and is an indication of the maximum 

amount of stress that can be developed in a material without causing plastic 

deformation and is a practical approximation of its elastic limit (vide infra).  To 

determine yield strength, the predetermined amount of permanent strain is set along the 

strain axis of the stress-strain graph, to the right of zero, and a straight line is drawn at 

the same slope as the initial portion of the stress-strain graph.  The point of intersection 

of this new line and the original stress-strain curve is projected to the stress axis.  This 

stress value is the yield strength.  This method of plotting is performed for the purpose 

of subtracting the elastic strain from the total strain, leaving the predetermined offset as 

a remainder79.  Some materials do not exhibit a clear transition between the elastic and 

plastic phases, therefore, 0.2% strain offset (the stress needed to induce plastic 

deformation) is typically taken to be the stress needed to induce a specified amount of 

permanent strain64,69.  

 

Alternative values are sometimes used instead of yield strength.  Several of these are 

briefly discussed below. 

 

The yield point was defined earlier27,31,69, but it can also be recognized as a drop 

observed in the load (sometimes a constant load), while the strain continues to 

increase. 

 

The highest value, at which stress is directly proportional to strain, is called the 

proportional limit, i.e. the highest stress at which the curve in a stress-strain graph 

remains in a straight line79.  The proportional limit is not usually used in specifications 

because the deviation begins so gradually that controversies are sure to arise as to the 

exact stress at which the line begins to curve. 

 

Studies of stress-strain graphs show that the yield point is so close to the proportional  
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limit that for practical purposes the two may be taken as one.  In addition, it is also  

much easier to locate the former28,77.  

 

The highest stress that can be applied without causing permanent deformation is called 

the elastic limit.  Elastic limit is used as a descriptive, qualitative term as it cannot be 

determined from the stress-strain graph.  The method of determining the elastic limit 

would have to include a succession of slightly increasing loads with intervening, and 

complete unloading for the detection of the first plastic deformation.  Like the 

proportional limit, its determination would result in controversy.  

 

The strength limit is the stress generated by a compressive load applied to a bone 

specimen, when the first cracks appear in the bone79.  

 

The maximum stress a bone can sustain before failure is called the ultimate strength, 

and the breaking strength is the stress at which the bone actually fails or fractures77. 

After reaching its point of ultimate strength during the plastic phase, further deformation 

produced by an external load79 will lead to failure27,31,69 at the so-called failure point.  In 

bone the ultimate strength and the breaking strength at the failure point usually have 

the same value, but this is not necessary true in all materials or combinations of 

materials, especially when a metal implant is attached to bone in the repair of a 

fracture.  Strength, as it is defined above77,79, is an intrinsic property of bone, i.e. these 

strength values are independent of the size and shape of the bone.  The load required 

for the bone to fail is different from the intrinsic strength, because the breaking load that 

causes failure will vary with bone size and shape77.   

 

The material properties of bone tend to differ depending on the rate at which a specific 

load is applied to it.  If a load is applied rapidly, bone tends to absorb more energy and 

will behave with more stiffness and higher ultimate strength.  Any material with such a 

load-rate dependent property is referred to as viscoelastic.  Furthermore, bone is also 

anisotropic, i.e. exhibiting different mechanical properties in different directions27,31,69. 

 

Every bone is a complex structure with a collection of components each having different 

material properties.  For example, the metaphysis of the tibia has different material 
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steel36,41,42,58,67, known for its superior corrosion resistance.  Of the four basic groups of 

stainless steel, the austenitic group is mostly used for the manufacturing of orthopaedic 

implants40.  

 

Specifications for iron-based alloys have been laid down by the ASTM. Alloys used in 

the manufacturing of orthopaedic implants have to comply with ASTM standards F138 

and F13940.  Among the specifications for these alloys are combinations of properties 

that permit the manufacture of properly shaped and sized implants, the need for 

suitable mechanical properties relative to allowable sizes for implantation, and 

compatibility in vivo, often for extended periods of time32,40.  

 

Cost is a major factor limiting the use of implants other than stainless steel in veterinary 

orthopaedics.  For example, titanium plates and screws are widely used in human 

orthopaedics and are available for use in veterinary patients, but although they perform 

marginally better than 316L implants, they are significantly more expensive42,71.   

 

The composition of 316L stainless steel implants used in this study is given in table 2.1.  
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TABLE 2.1.  Chemical composition of 316L stainless steel40. 

 

Chemical Composition (%) 
 

 

Iron 
 

55 - 60 
 

Chromium 
 

17 - 20 
 

Nickel 
 

10 - 14 
 

Molybdenum 
 

2.8 
 

Manganese 
 

1.7 
 

Silicone 
 

0.57 
 

Copper 
 

0.1 
 

Nitrogen 
 

0.095 
 

Phosphorous 
 

0.025 
 

Carbon 
 

0.024 
 

Sulfur 
 

0.003 

 

 

316L stainless steel is a relatively strong material, being able to withstand ultimate 

loads of up to 700 MPa during tension.  This compares well to cortical bone, which is 

able to withstand loads of 150 MPa during compression, and a little less during 

tension42.  The inherent strength of 316L allows implants to be made small enough to 

allow implantation, while remaining strong enough to resist most of the biomechanical 

forces acting on the bone-implant composite during the process of fracture 

healing36,41,42.  

 

The material properties of metal implants are not only determined by their composition, 

but also by the manufacturing process.  Melting and casting of the alloy is followed by 

forging using compression, after which it is cold worked to elongate the grain structure 

into fibrous shapes parallel to the long axis of the implant and anticipated deforming 

loads in vivo.  This micro structure of the implant provides optimum strength to prevent 
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breakage.  Cold working also increases the stiffness of the implant and thereby reduces 

its ductility.  A certain degree of ductility is, however, essential to prevent brittle fracture 

of an implant during in vivo cyclic loading and to allow contouring of the implant at 

surgery.  The use of heat can further refine an implant to increase its ductility and to 

obtain the desired properties for different implants.  For example, 316L cerclage wire is 

more ductile than a 316L bone plate, which in turn, is more ductile than a 316L 

Steinmann pin72.    

 

2.4.2.1.   Implant failure 
 

Implant failure can occur some weeks after an apparently successful fracture repair. 

Loads well below those needed to fracture an implant have the potential to alter the 

implant material permanently.  Cyclic loads applied to a metal, even if not enough to 

cause it to break, can cause microscopic cracks in the metal, which will gradually 

lengthen, sometimes only a fraction of a micron, each time the load is re-applied42.  The 

fatigue characteristics of a metal can be determined experimentally and are described 

graphically as stress versus number of cycles36,41,42.  An example of this is shown in 

Figure 2.6, which was determined experimentally for 316L stainless steel42. 

 

 
FIGURE 2.6.  Stress versus number of cycles for 316L stainless steel.  (Redrawn from 

Ness42). 

 

It is obvious from this graph that larger loads lead to earlier failure, and that there is an 

area to the right (larger than 1 x 106 cycles) of the fatigue limit where fatigue failure will 
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FIGURE 2.7.  Stress-strain graph demonstrating strain hardening and necking.  (Redrawn 

from Kraus31 and Roylance64). 

 

Acute material failure of an implant is not common in small animal orthopaedics, 

because this involves a process where larger amounts of energy are required than what 

are generally present in fractures of this kind.  Reduced area moment of inertia (AMI) of 

an implant, i.e. reduced ability to resist bending, also plays an important role in 

premature implant failure.  Area moment of inertia depends primarily on the mass of the 

implant material and the distance from the neutral axis of the bone-implant composite, 

but open fracture gaps or an open opposite (trans) cortex can also influence the AMI by 

reducing the strength of the bone-implant composite in that area.  Low AMI will 

accelerate fatigue failure and will permit movement of the fracture, delaying fracture 

healing and therefore further increasing the risk of implant failure36,41,42.        

 

2.5.  Loads acting on bone 
 

A final consideration is bone strength if a load is applied in a physiologic direction, and 

bone weakness if a load is applied in an abnormal, nonphysiological direction.  For 

example, a tibia can tolerate large stresses if an axial load is applied, but tolerates 

much less stress with a bending load27,31,69.           

 

Long bones exhibit specific fracture patterns as a result of different modes of loading. 

Several internally and externally generated loads can act on bone in vivo, arising either 
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a.                 b.                  c.                     d.                   e.                     f.       

FIGURE 2.8.  Loads acting on bone. (a). Compression. (b). Tensile (distraction). (c). 

Shearing. (d). Bending. (e). Bending loads on each end of a curved bone. (f). Rotational 

(torsion).  (Redrawn from Kraus31).   (Open arrows = direction of loads; red arrows = direction 

of movement of bony tissue). 

 

Because of the complex shape of bone, however, most fractures result from a 

combination of all these loads31.  For instance, the dachshund tibia often fails in shear 

when subjected to a compressive load.  This is because simple compression creates 

shear stress at a 45° angle to the direction of loading, and since most materials are 

weaker in shear than in compression, failure occurs in shear.  Compressive, tensile, 

and shear stresses invariably occur in combination, even under the simplest loading 

schemes77.  

 

The metaphysis of long bones are comprised of trabecular bone that is able to absorb 

and transmit energy and compressive loads generated by normal weight bearing. 

Because the resistance of trabecular bone is less than that of cortical bone, the 

metaphyseal region has to be wider than other regions of long bones5,15,39,49.  The fact 

that long bones are thinner in the diaphyseal area than in the metaphyseal or 

epiphyseal areas, but still maintain adequate strength is due to the compact nature of 

their bone material and their strain behaviour.  The compressive load of diaphyseal 

bone reduces the strain in bending and thus increases its capability for elastic or plastic 

bending without a brittle fracture15,39,49.  

 

The shape of the diaphysis of most long bones is cylindrical with a compromise 

between a square and a triangle in cross section.  Its shape is dependent on the type of 

Neutral plane
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loads acting on the fracture segments should be assessed so that they can be 

adequately neutralized by the specific therapy13,17,69.  The type of therapy is also based 

on the type of bone healing (primary or secondary) best suited to the patient and the  

fracture.  An appropriate fracture fixation technique is also based on the effects of the 

stabilization device on bone healing and vascular supply to the area of the fracture13. 

 

When the loads acting on a fracture are inadequately neutralized during fracture 

stabilization, delayed union, malunion or even non-union may result.  Infection is an 

additional compromising factor that can lead to the formation of non-union in an already 

inadequately stabilized fracture17. 

 

The goal of any fracture treatment is early ambulation and complete return to full 

function13. The surgeon must always aim to obtain a load-sharing system between the 

bony column and the implant that is mechanically stable and to maintain axial and 

rotational alignment throughout the entire healing period17,69.  Stability of a fixation 

depends on the stiffness of the fixation device, the stiffness of the device-bone 

interface, and the effectiveness of the device to specifically neutralize disruptive forces 

acting on the fracture69.  

 

Various methods of fixation can be used successfully depending on the nature and 

location of the fracture and signalment of the patient25,29,51,52.  Familiarity of the surgeon 

with different techniques and equipment is important in determining the selected 

method of repair29.  Methods of fixation currently in use in veterinary orthopaedics are:  

Bone plates, screws, intramedullary pins, cerclage wires, external skeletal fixation, 

interlocking nails, and various combinations of the above2,4,9,10,11,19,20,25,29,30,38,42,45, 

51,58,59,70,73,75. 

 

Intramedullary pins and orthopaedic wire are widely available, are relatively 

inexpensive, and many surgeons are skilled in their use.  Hence, intramedullary pins 

and cerclage wires are commonly used for fixation of tibial fractures, usually with fairly 

good results9,10,18,26,29,37,50.  
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2.8.1.  Intramedullary pinning 
 

An understanding of how intramedullary (IM) pins resist the various loads acting on a  

long bone fracture is needed.  The goal of IM pinning is to fill the area of the fracture 

with a pin (or pins), as this gives rigidity to the pin-bone unit50.  As long as the tubular 

nature of the fractured bone is restored, IM pins can be used in most long bone fracture 

types, including highly comminuted fractures73. 

 

Bending loads, that are present in most fractures, regardless of the fracture type, are 

well counteracted when a round pin of adequate diameter is well anchored both 

proximally and distally into the cancellous bone10,18,50,59.  Its ability to resist 

bending loads is directly proportional to its diameter (large AMI) and to the ratio 

of its diameter to the medullary diameter41,42,48,58.  As the medullary diameter 

becomes larger in comparison to the pin diameter, it becomes mechanically 

more difficult for the pin to control any bending loads65.  Transverse shearing 

loads, together with bending loads, are furthermore best neutralized when it is 

also possible to have intimate contact between the pin and the inner (endosteal) 

cortical surface.  This allows for effective load transfer across the fracture site, 

owing to the development of adequate shear resistance between the pin and 

bone48, but does compromise some of the medullary blood supply24,26,82.  

 

Single IM pins lack the ability to resist rotational and axial (compression and tension) 

loads and need ancillary support to stop axial and rotational collapse. Rotational and 

axial loads are counteracted only by frictional forces between the bone and the pin, 

which is too small to be effective in most clinical situations10,21 and to some degree by 

fragment interdigitation78.  Tension loads are not present in most diaphyseal fractures50. 

 

Because of these deficiencies, IM pinning as the only method of fixation is only 

indicated in simple transverse diaphyseal fractures in which there is good interdigitation 

of the bone fragments10,18,21,29,51,52,56,59,78.  

 

The effect of IM pinning on the healing of fractures is important82.  Except in cases 

where active reaming for seating of the pins has taken place, total destruction of the 
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medullary blood supply does not occur.  Temporary disruption of the medullary blood 

supply occurs with any displaced fracture.  The use of an IM Steinmann pin will reduce 

this supply initially, but will by no means completely destroy it.  Hypertrophy of the 

medullary blood vessels will take place around the pin within the first 14 days after pin 

placement, unless the pin completely fills the medullary cavity, or if the inner cortex has 

been reamed out17.  

 

Correct technique of IM pin placement in the tibia is important to avoid iatrogenic 

damage to the intra-articular structures of the stifle10,18,21,29,51,52.  The potential for 

interference with the femoral condyle, patella, patellar ligament, cranial cruciate 

ligament, bones of the tarsus and the synovial cavities needs to be minimized25,37,70. 

These potential idiosyncrasies occur partly because of the anatomic shape45,73 of the 

tibia and the offset of the axial alignment of the medullary cavity in relation to the tibial 

plateau, particularly if heavy, nonflexible pins are used73.  

 

Two types of placing techniques are used to insert an IM pin in a long bone, i.e. 

normograde and retrograde.  By using the retrograde technique, extension of the stifle 

joint is frequently prevented by the pin, which limits weight bearing.  The resulting non-

weight bearing lameness prevents the axial compression needed for pin fixation and 

results in muscle atrophy with subsequent decrease in blood supply17.  It has been 

reported that a retrograde tibial pinning technique using a strict craniomedial direction 

may be acceptable, but that if incorrectly performed, injury to the stifle joint can 

occur2,17,18,25,29,31,45,46,50,51,52,70.  A less frequently used option for retrograde tibial pinning 

where the pin exits the cranial border of the tibial tuberosity, has also been described46. 

 

Dixon et al18 studied the effects of three different techniques of tibial retrograde IM pin 

placement on pin location and stifle joint injury and compared the results with 

normograde pinning.  Their study showed that blindly advanced (non-directed) IM pins 

placed retrograde in the canine tibia exit significantly more caudal and lateral and have 

a significantly higher incidence of associated stifle joint trauma (damage of cranial 

cruciate ligament and femoral condyle articular surface) than non-blindly (directed) 

retrograde or normograde pins.  It was concluded that although non-directed retrograde 

pinning cannot be recommended, retrograde pins directed craniomedially may be an 
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acceptable technique for the repair of proximal to mid-diaphyseal tibial fractures if care 

is taken to properly seat the pins proximally.     

 

The majority of authors agree that the more acceptable technique for the pinning of a 

tibia is by normograde placement2,9,10,17,18,21,25,29,31,37,45,50,51,52,59,70.  A number of 

techniques for normograde placement of intramedullary pins into the canine tibia have 

been described in the literature.  

 

Currently, the technique most widely used, involves entering the tibia from the proximal 

(tibial plateau) aspect.  With the stifle in 90° flexion, the medial collateral ligament and 

patellar ligament are palpated.  The point of pin entry is slightly cranial to a point 

halfway between these two ligaments and just medial to the patellar ligament.  This 

point is cranial to the menisci and cruciate ligaments and no weight-bearing cartilage is 

invaded. The pin is aimed in a disto-caudomedial direction17,21,50,51,52,70.  The proximal 

end of the pin must be cut short enough (not longer than 5 mm) or bent 90° medially 

and then cut so that the rest of the pin does not damage the articular cartilage of the 

medial femoral condyle during extension of the joint.  This can usually only be done by 

withdrawing, cutting and impacting the pin17.  

 

A variation of the above-mentioned technique, as described in older literature, involves 

entrance of the tibia on the dorsomedial aspect of the proximal tibial epiphysis73.  The 

site of pin introduction is a small depression on the medial side of the proximal tibia 

equidistant from both the medial collateral ligament and the straight patellar tendon. 

The pin is introduced approximately at right angles to the tibial shaft until the tip of the 

pin is embedded in the subchondral bone.  At that point, the pin is angled distally and 

parallel to the long axis of the bone and is driven into its final position.  When placed 

properly, the pin is dynamic and has three points of contact: proximally at its entry point, 

against the lateral cortex of the diaphysis, and seated in the cancellous bone distally.  

Once the pin is in position, the proximal end can be bent and cut close to the surface of 

the bone to ensure that no contact is made with the femur and to facilitate later removal.  

With this technique, the end of the pin will be extra-articular and will allow for normal 

free motion of the stifle. 
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In addition, cerclage wires are used intraoperatively to aid in holding fracture fragments  

together while the primary fixation is applied50,59.  

 

Cerclage wire fixation should be restricted to those oblique diaphyseal fractures where  

the length of the fracture line is at least twice the diameter of the bone (or longer), 

ensuring that tensioning of the wire produces stable interfragmentary compression 

rather than shearing50,59,62.  At least two wires should be used, but more than two 

cerclage wires are recommended. They should be spaced about half a bone diameter 

apart59, starting and ending approximately 0.5 cm from the tips of the fragments and be 

perpendicular to the long axis of the bone17.  Blass et al8 and Rooks et al62 

independently recommend the use of monofilament stainless steel wire of 0.8 to 1.0 

mm (20 to 18 gauge) for use in small to medium sized dogs.  Roe59 supports this and 

concludes that there are no rules for the appropriate size for a particular situation other 

than to use the biggest diameter of wire that seems appropriate to the size and strength 

of the bone.  

 

Techniques of application of cerclage wires currently most popular in the veterinary 

literature include the twisting method and the bent eyelet wire method, where a single 

wire loop encircles the bone in each case.  Both produce equally good clinical results if 

applied correctly, although more tension is produced in the wire with the eyelet 

method8,14,60,68.  However, the yield point (the stage where the wire begins to deform 

and the free arm unbends due to tension) is lower for the eyelet than the twist 

method8,60,62,68.    

 

Modifications of the eyelet and twisting methods, where both free ends of the wire 

encircle the bone in each case, have been described.  The double loop, double wrap, 

and loop-twist techniques, are examples of these methods.  The double loop cerclage is 

formed from a single length of wire, folded near its centre with both free ends passing 

through the centre fold before tightened with a single eyelet tightener with two cranks or 

a double loop tightener.  The double wrap cerclage is formed from a single eyelet 

cerclage where the wire is of sufficient length to encircle the bone twice before placing 

the free end through the eyelet and tightening it with a single eyelet tightener.  The 

loop-twist cerclage is formed by creating a small loop in the wire by folding a single wire 
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in half. Both free ends of the wire encircle the bone, with one end passing through the 

loop before it enters the tightener to be attached to the second crank, after which it is 

tightened and bent over, but not cut.  The second crank is tightened to take up the slack 

and the instrument is rotated on its axis to complete the twist.  These methods generate 

superior tension and resist greater loads before loosening than the single looped 

twisting or eyelet methods.  The main disadvantage of these methods is that they take 

up more space around the bone, hence limiting the number of cerclage wires that can 

be applied.  This method may lead to less effective fixation, especially in smaller 

veterinary patients8,60,62.  

 

The effects of cerclage wiring on fracture healing has been reported56,57,76,80,81.  Failure 

of fracture healing is usually not due to vascular compromise by the cerclage wire, but 

due to failure to apply cerclage wires correctly24.  Due to the fact that the actual contact 

area of the cerclage wire with the underlying bone is less than the diameter of the wire, 

it minimally interferes with cortical blood flow24,26, even when parts of the bone surface 

are grooved for anchoring of the wires.  The key in preserving the cortical blood supply 

is that all cerclage wires must be tight around the bone, since a moving wire will disrupt 

the periosteal capillary network, devascularizing the underlying bone and disrupting 

periosteal callus formation50,56,57.  If a wire is loose or broken, the fracture may be 

unstable at the fracture line, which can lead to excessive bone movement with a 

resultant delayed- or nonunion.  Movement of the wire can interfere with bone 

vascularization by shearing off capillaries arising from the soft tissues that form the 

transient extra-osseous blood supply24,82.  

 

2.8.3. Bone plates and screws 
 

Bone plates and screws are considered as the most sophisticated and reliable form of 

internal fixation currently available (Coetzee GL, University of Pretoria, Pretoria, South 

Africa, personal communication, 2007).  Stable internal bone plate and screw fixation 

allows for early joint mobilization, full weight bearing, and union of the fracture16,50,59. 
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An alternative test method, the cyclic fatigue method28,74, which could perhaps be 

considered more physiological in terms of the magnitude of forces exerted on a 

dachshund tibia during normal walking or running, was initially considered as the test 

method of choice for this study. Cyclic fatigue testing can be defined as simply applying 

cyclic loading to a test specimen to understand how it will perform under similar 

conditions in actual use28.    The ASTM specifies the cycle limit for a fatigue test on 

orthopaedic implants to be approximately one million cycles, even if skeletal healing 

time is normally much shorter in vivo (only approximately 150 000 to 250 000 cycles 

over a period of 2 to 3 months)3.  

 

The test signal to be used in such a study is also based on the specifications stated by 

the ASTM, i.e. the signal should be a sine wave that cycles between the desired 

maximum force and 10% of that maximum force3.  Calculations obtained from Nordin 

and Frankel44 further indicate that the force on the bone should be between 12 and 120 

N.  (See Figure 2.9).  

 

 
FIGURE 2.9.  Required test signal for the study on dachshund tibiae, obtained from 

calculations by Nordin and Frankel44. 

 

2.10.  Conclusion 
 

Since no published comparative information is available on the biomechanics of IM 

pinning with cerclage wires, and lag screw with neutralization plate fixation of oblique 

diaphyseal fractures of the tibia of chondrodystrophic dog breeds, this study was  
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screws inserted in a neutral fashion, thereby creating a neutralization plate.  

 

3.2.  Inclusion criteria 
 

To eliminate some of the variables due to age and size, only skeletally mature 

dachshunds (2 to 8 years old) of either gender were considered for this study.  The 

animals were all free from obvious metabolic problems or other pelvic limb pathology 

causing osseous changes in their tibiae, i.e. all the tibiae were radiologically normal in 

appearance.  However, minor osteophytic changes (< 2mm) were accepted for the 

purposes of this study.  

 

3.3.  Model system 
 

This project was a prospective descriptive study on dachshund cadaver material.  

 

Cadavers were obtained from the Pretoria branch of the SPCA and from private 

veterinary practices.  The animals were humanely killed by an intravenous overdose of 

Sodium pentobarbitone (Eutha-naze®, Bayer (Pty) Ltd., Animal Health Division, Isando, 

South Africa), administered by a veterinarian for various reasons other than for the 

purposes of this study or tibial involvement.  Where owners were involved, their consent 

was obtained for use of the pelvic limbs, by signing the Fracture Study Consent Form 

that was compiled for the purposes of this study.  (See Appendix A).  Where no owner 

could be identified, the consent form was signed by the responsible veterinarian in 

charge of the case.  

 

The cadavers were weighed and the gender noted (see Tables 4.1 and 4.2) before the 

tibiae were dissected out and stripped of all surrounding soft tissue except the 

periosteum, using a scalpel blade and Metzenbaum scissors.  The fibulas were 

removed by means of a scalpel or bone rongeur and discarded.  

 

Each tibia was labeled for later identification, using a pencil on the bone itself.  The 

bones were identified by the side (left or right) and the chronological number of the dog,  

e.g. R-2 (the right tibia of dog number 2) or L-7 (the left tibia of dog number 7).  The  
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test bone in group 1. (See Section 3.5.3.). 

 

A final year student in mechanical engineering, Mr. R. Mienie, was tasked with 

designing and building the pre-assembly testing cups (see Figure 3.1), serving as 

partial fulfillment of the requirements for his BEng(Mech) degree.  The proximal cup 

was designed to allow the test specimen to be fixed at an incline of 20° craniocaudally 

by including an angled metal inlay in the design, with the distal cup in a standard 

horizontal position.  Each tibia was fixed at its dorsal and ventral extremities in the cups 

before being integrated in the testing area of the Schenck® 100kN testing machine (see 

Figure 3.20) situated at the premises of the Faculty of Engineering, Built Environment 

and Information Technology, University of Pretoria.  

 

 

 
FIGURE 3.1.  Diagram of pre-assembly testing cups as designed by Mr. R. Mienie. 

 

A computer capable of monitoring stress and strain on the bone-implant composite was  

linked to the testing machine.  The required parameters were measured and recorded 

every 0.01 seconds.  The data obtained from each stage of the test was expressed on a 

spread sheet in Microsoft Excel®, from which a stress-strain graph was plotted for each 

bone.  Mr. B.S. Vermeulen, a mechanical engineer from a private engineering company 

in Pretoria, CMTI Consulting (Pty) Ltd, performed the necessary biomechanical tests 

under supervision of co-promoter Prof. N.D.L. Burger and the author, and was 

responsible for the plotting of the stress-strain graphs. 
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3.5.  Experimental procedures 
 

3.5.1. Radiographs and photographs 
 

Mediolateral and craniocaudal view radiographs of each bone were made pre-

osteotomy, post-osteotomy, post-repair and post-test, and the method of failure noted. 

(Siemens® Polymat 50, with FFD/SID 107cm, Bucky table grid 8:1, and moving focused 

grid).  A Fujifilm® FCR IP Type CC cassette was used throughout, with exposure factors 

of 44kV and 4mAs.  Radiographs were digitally developed (Fujifilm® FCR Capsula) and 

stored in the digital PACS radiographic system of the Diagnostic Imaging Section of the 

Dept. CACS, OVAH.   

 

Digital photographs (lateral, medial and cranial views) were also taken at each stage to 

illustrate the method of failure in more detail.  (Canon® Powershot SX120 IS).   

 

3.5.2. Specimen preparation 
 

The Schenck® 100 kN testing machine was only capable of testing one bone per day. 

On the day of testing, an appropriate bone was removed from the freezer and thawed in 

a bath of lactated Ringers at room temperature35.  The bone was transported in the bath 

of lactated Ringers, to the OVAH where the first mediolateral and craniocaudal view 

radiographs (see Figure 3.2) were taken by the Diagnostic Imaging Section of the 

Department of Companion Animal Clinical Studies (Dept. of CACS).  Each pre-

osteotomized tibia was radiographed individually to confirm physeal closure and to 

ensure that there were no other osseous changes indicating bone pathology.  The first 

digital photographs of each bone were also taken. (See Figure 3.3). 
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a.       b.   

FIGURE 3.2.  Mediolateral (a) and craniocaudal (b) view radiographs of a pre-

osteotomized dachshund tibia. 

 

a.       b.  

FIGURE 3.3.  Digital photographs of a pre-osteotomized dachshund tibia, indicating the  

medial (a) and cranial (b) aspects. 
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(see Figure 3.6) to simulate an oblique fracture, using an oscillating saw (Stein 

MultiMaster®, Sheffield, United Kingdom).  (See Figure 3.7).  

 

 

FIGURE 3.5.  A tibia divided by pencil lines on its medial aspect, clamped in a bench 

vice. 

 

 
FIGURE 3.6.  Diagram of the medial aspect of a right dachshund tibia with osteotomy in a 

proximo-cranial-disto-caudal direction in the middle third of the diaphysis. 
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FIGURE 3.7.  Oscillating saw blade in position on the medial aspect of a tibia, at the start 

of the osteotomy. 

 

A second mediolateral and craniocaudal view radiograph (see Figure 3.8) were made.  

The bone fragments were positioned in such a manner as to reconstruct the original 

shape of the bone.  A second set of digital photographs were also taken at this stage. 

(See Figure 3.9). 

 

a.       b.  

FIGURE 3.8.  Mediolateral (a) and craniocaudal (b) view radiographs made of an 

osteotomized dachshund tibia. 
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a.       b.                               

FIGURE 3.9.  Mediolateral (a) and craniocaudal (b) photographs of an osteotomized tibia. 

 

3.5.3.  Osteotomy fixation 
 

Implants and instruments used in the osteotomized bone fixations, are portrayed in 

Appendix B.  

 

3.5.3.1.  Group 1 
 

The pre-bending of IM pins were performed to conform to the curve of the medullary 

cavity of each dachshund tibia on mediolateral view radiographs.  The curve in the pins 

was then confirmed by comparing them to the shape of the diaphysis on the medial 

aspect of each bone specimen.  The pre-bending was performed in the transverse 

plane only.   (See Figure 3.10). 
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FIGURE 3.10.  A 2 mm Steimann pin (K-wire) compared to the shape of the diaphysis of a 

dachshund tibia after being measured and pre-bent to conform to the curve of its 

medullary cavity on a mediolateral view radiograph. 

 

All osteotomized bones for pinning (group 1) were repaired manually (i.e. not using any 

power tools) in a normograde fashion, entering at the proximal tibial plateau in a 

standard location.  (See Figure 3.11).  The areas of insertion of the medial collateral 

ligament on the medial tibial condyle and the patellar ligament on the tibial crest, were 

identified.  The point of pin entry was slightly cranial to a point halfway between these 

two land marks and just medial to the patellar ligament.  The pin was aimed in a disto-

caudomedial direction17,21,50,51,52,70, turning the chuck not more than an eighth to a 

quarter turn clockwise or anti-clockwise each time.  The proximal end of the pin was cut 

not longer than 5 mm.  This was only possible by withdrawing, cutting and again 

impacting the pin17.  The IM pin was well and correctly seated in the medullary cavity 

before the first full cerclage wire was applied.  

 

 
FIGURE 3.11.  Pre-bent Steinmann pin introduced normograde, entering the tibia 

proximally (tibial plateau), aiming in a disto-caudomedial direction.  The point of entry is 

slightly cranial to a point halfway between the medial collateral ligament (black arrow) 

and patellar ligament (white arrow) and just medial to the patellar ligament.  
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Three evenly spaced, 1.0 mm diameter cerclage wires were applied to the group 1 

tibiae, making use of pre-prepared cortical grooves on the cranial, caudomedial and 

caudolateral aspects of the diaphysis to anchor the wires more effectively.  The sharp 

edges of a small bone file were used for this purpose.  (See Figure 3.12).  The groove 

depth was standardized to be no deeper than one quarter to one third of the diameter of 

the cortex of the tibial diaphysis (i.e. less than 0.5 mm deep).  

 

 
FIGURE 3.12.  Bone file with cortical groove (black arrow) on the caudomedial aspect of 

the bone, perpendicular to its long axis. 

 

The bent eyelet wire method, where a single wire loop encircles the bone in each 

case8,14,60,68 was used to apply the full cerclage wires, using a wire loop tightener.  (See 

Figure 3.13).  The wire loop was placed caudomedially on the diaphysis, with the 

opposite end of the wire bent cranially after fixation for at least one third of the 

circumference of the bone on its medial surface.  The wires were spaced not more than 

half a bone diameter apart62, starting and ending not more than 0.5 cm from the tips of 

the fragments and perpendicular to the long axis of the bone18.  

 

 
FIGURE 3.13.  Application of a cerclage wire around the tibial diaphysis using a wire loop 

tightener, illustrating the bent eyelet wire method. 
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A third mediolateral and craniocaudal view radiograph were made (see Figure 3.14) 

and a third set of digital photographs (see Figure 3.15) were taken as soon as the bone 

was repaired.  

a.      b.  

FIGURE 3.14.  Mediolateral (a) and craniocaudal (b) view radiographs of an osteotomized 

dachshund tibia repaired with an IM pin and cerclage wires. 
  

a.      b.      c.  

FIGURE 3.15.  Medial (a), lateral (b) and cranial (c) photographic views of the same 

specimen as in Figure 3.14. 
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A third mediolateral and craniocaudal view radiograph were made (see Figure 3.17) 

and a third set of digital photographs (see Figure 3.18) were taken as soon as the bone 

was repaired.  

a.      b.         

FIGURE 3.17.  Mediolateral (a) and craniocaudal (b) view radiographs of a completed 

repair of the oblique osteotomy of a dachshund tibia using a bone plate and screws.  
 

 a.      b.      c.  

FIGURE 3.18.  Medial (a), cranial (b) and caudal (c) photographic views of the same 

specimen as in Figure 3.17. 
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3.5.4. Testing 
 

Testing took place at the venue of the Department of Mechanical and Aeronautical 

Engineering, University of Pretoria.  The test specimens were transported from the 

OVAH to this venue as soon as the third set of radiographs and photographs were 

made, once again covered in a bath of lactated Ringers solution.  The test preparation 

and procedure started immediately on arrival. 

 

3.5.4.1. Single cycle compression until failure versus cyclic fatigue testing 
 

A pilot study was performed by the author, wherein four specimens (two from each 

group) were subjected to a cyclic fatigue test method.  A fixed3,74 cyclical load (stress) 

was repeatedly applied to each bone-implant composite for one million cycles, or up to 

the point where the fixation failed or the test bone collapsed.  No information was 

available on test frequencies for use in dachshund trials; therefore experimental testing 

was conducted to determine the test frequency, using ten live dachshunds running on a 

5 meter long test track.  These trials showed that their average frequency was between 

9 Hz and 11 Hz, which converts to an equivalent of 9 to 11 steps per meter for the 

average dachshund.  It was therefore decided that the test signal should be 10 Hz 

(Burger NDL, CMTI Consulting (Pty) Ltd, Pretoria, South Africa, personal 

communication, 2010). 

 

However, all four tests resulted in similar stress-strain graphs, i.e. a horizontal line in a 

single plane, from which none of the study parameters could be determined.  In none of 

these cases the fatigue limit (see Section 2.4.2.1. Implant failure) was exceeded, which 

means that only non-physiological loads, i.e. loads much higher than those used in the 

pilot study, would be able to cause plastic deformation and/or failure (fracture) of the 

implant41,42.  It was concluded that no measurable effect was going to be obtained using 

the predetermined cyclic loads on any of the specimens over the specified one million 

cycles3,74.  

 

It was subsequently decided to abandon the use of the cyclic fatigue method for the 

purpose of this study due to the irregular shape of the stress-strain graphs, and to 
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replace it with the two point single cycle compression test74.  This test method provides 

an excellent and simple way of determining breaking strengths of materials28, such as 

the bone-implant constructs used in this study.  

 

3.5.4.2. Test procedure 
 

The Schenck® 100 kN testing machine (see Figures 3.20 and 3.22) that was used, is 

capable of simulating only compressive loads.  The fixation of the test specimen at an 

incline of 20° craniocaudally (see Figures 3.1 and 3.21) resulted in a simulation of a 

combination of at least four of the five loads normally acting on long bones, (i.e. axial 

compression, bending, shearing and distraction).  The Schenck® 100 kN testing 

machine was not able to simulate torsion.  A load cell, which is a transducer that 

converts load (force) acting on it into a measurable, analog electric signal, was 

introduced in the testing system.  (See Figure 3.22). 

 

 
FIGURE 3.19.  The Schenck® 100 kN compression testing machine, used in the testing 

procedures, linked to a computer to record the test data.  
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FIGURE 3.20.  Diagram of the test specimen fixed at an incline of 20° craniocaudally. The 

red arrow indicates the direction of the applied load.  

 

 

 

 
FIGURE 3.21.  Close-up view of the testing area of the testing machine.  The S-shaped 

load cell (black arrow) is clearly visible on this view. 
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An epoxy resin (Pratley Quickset Putty®) was used as potting material to fixate the 

tibiae at their proximal and distal ends in the testing cups to limit any undesired 

movement of the extremities of the bones in the testing machine during testing 

procedures.  The bones were embedded in the potting material not deeper than 5 mm 

and in the case of the specimens in group 2, at least 3 to 5 mm away from the ends of 

the bone plates74 to limit its influence on the strength of the diaphyses.  The epoxy resin 

took approximately 1.5 hours to obtain full strength53, during which time the bones were 

kept hydrated54, by spraying the test bone with 10 ml lactated Ringers every 2 minutes. 

 

After the epoxy resin had obtained 60% of its strength (within 20 minutes of 

application)53, the bone was kept hydrated by covering it with a layer of cotton wool 

soaked in lactated Ringers, and wrapping the entire test specimen with a plastic 

wrapper (Glad wrap® Non-toxic clear plastic wrap) for the duration of the test.  (See 

Figure 3.22).    

 

 
FIGURE 3.22.  Diagram of a test specimen covered with a layer of cotton wool soaked in 

lactated Ringers and placed in a plastic wrapper. 

 

After completion of these steps, a test specimen was placed within the test area of the 

Schenck® 100 kN testing machine for the actual tests to start.  (See Figure 3.23).  

 

 
 
 







60 
 

 

3.5.7. Statistical methodology 
 

Descriptive statistics were initially performed to describe certain characteristics of the 

data, e.g. mean values, median values, standard deviation, etc.  Some of these 

measures were, where applicable, represented in the form of scatter graphs and bar 

graphs. 

 

A parametric analysis of co-variance (ANCOVA), a statistical method for testing 

whether certain factors have an effect on the outcome variables after removing the 

variance for which quantitative predictors (co-variates) account, was performed. 

Treatment methods and gender groups were used as factors, and mass and age of the 

animals as co-variates.  Results were considered as significant on a 5% level of 

significance.  P-values significant on the 10% and 1% levels were also indicated.  

Pearson correlations were used to interpret the linear relationship between the co-

variates (body mass and age) and the outcome variables. Provision was made to meet 

the assumptions of normality of the data for the purposes of ANCOVA, by applying a 

normalization procedure.  
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CHAPTER FOUR: RESULTS 
 

 

4.1.  Data Presentation 
 

Raw data obtained from the biomechanical tests and other observations were 

presented in the form of line graphs, tables, radiographs and photographs, from which 

the data to perform the necessary statistical analyses and the plotting of the relevant 

scatter graphs and bar graphs were gathered and refined. 

 

4.2.  Bone measurements and other parameters 
 

The following bone measurements and other parameters were respectively identified 

from each cadaver, the pre-fracture and post-fixation radiographs and photographs, and 

the testing procedures:  

- Age (see Tables 4.1 and 4.2); 

- Gender (see Tables 4.1 and 4.2); 

- Body mass (see Tables 4.1 and 4.2); 

- Diameter of medullary cavity at its narrowest point (to aid in pin selection) (see 

Tables 4.1 and 4.2); 

- Mean diaphyseal cortical width in that area (see Tables 4.1 and 4.2); 

- Diameter of the whole bone in that area (see Tables 4.1 and 4.2); 

- Length of bone (see Tables 4.1 and 4.2); 

- Modes of failure of each specimen (see Tables 4.10 and 4.11). 
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TABLE 4.1.  Group 1: Age, gender, body mass, medullary diameter, cortical width, and 

bone diameter at the narrowest point, and tibial length of the dachshund specimens.     

(n = 10) 
  

Group 1 (IM pin and wires) 
 

 

Specimen 

no. 

 

 

Specimen 

ID 

 

 

Age      

(years) 

 

 

Gender       

(M/F) 

 

Body 

mass  

(kg) 

 

Medullary 

diameter    

(mm) 

 

Cortical 

width 

(mm) 

 

Bone 

diameter 

(mm) 

 

Bone 

length 

(mm) 
 

1 
 

L-2 
 

4 
 

M 
 

11.70 
 

5.345 
 

1.296 
 

6.641 
 

72 
 

2 
 

R-2 
 

4 
 

M 
 

11.70 
 

5.099 
 

1.484 
 

6.583 
 

72 
 

3 
 

L-3 
 

7.5 
 

M 
 

8.65 
 

3.801 
 

1.831 
 

5.632 
 

75 
 

4 
 

R-6 
 

5 
 

F 
 

6.55 
 

3.017 
 

1.689 
 

4.706 
 

75 
 

5 
 

L-7 
 

3.5 
 

M 
 

9.45 
 

3.476 
 

1.632 
 

5.108 
 

76 
 

6 
 

R-7 
 

3.5 
 

M 
 

9.45 
 

3.508 
 

1.681 
 

5.189 
 

76 
 

7 
 

L-11 
 

6 
 

F 
 

7.20 
 

2.950 
 

1.681 
 

4.631 
 

65 
 

8 
 

L-13 
 

2.5 
 

M 
 

7.00 
 

3.252 
 

1.515 
 

4.767 
 

70 
 

9 
 

R-15 
 

4 
 

F 
 

5.50 
 

3.603 
 

0.975 
 

4.578 
 

56 
 

10 
 

R-16 
 

6 
 

F 
 

5.20 
 

2.095 
 

1.629 
 

3.724 
 

66 
 

Mean 
 

4.6 
 

- 
 

8.24 
 

3.615 
 

1.541 
 

5.156 
 

70.3 
 

Median 
 

4.0 
 

- 
 

7.93 
 

3.492 
 

1.631 
 

4.938 
 

72.0 
 

Std. Dev. 
 

1.5 
 

- 
 

2.34 
 

0.972 
 

0.246 
 

0.912 
 

6.4 

L = left; R = right; F = female; M = male 
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TABLE 4.2.  Group 2: Age, gender, body mass, medullary diameter, cortical width, and 

bone diameter at the narrowest point, and tibial length of the dachshund specimens.     

(n = 10) 
 

Group 2 (Bone plate and screws) 
 

 

Specimen 

no. 

 

 

Specimen 

ID 

 

 

Age      

(years) 

 

 

Gender         

(M/F) 

 

Body 

mass  

(kg) 

 

Medullary 

diameter    

(mm) 

 

Cortical 

width 

(mm) 

 

Bone 

diameter 

(mm) 

 

Bone 

length 

(mm) 
 

11 
 

R-5 
 

3 
 

F 
 

6.80 
 

5.029 
 

1.352 
 

6.381 
 

68 
 

12 
 

L-6 
 

5 
 

F 
 

6.50 
 

3.451 
 

1.562 
 

5.013 
 

75 
 

13 
 

L-8 
 

7 
 

F 
 

6.50 
 

3.939 
 

1.402 
 

5.341 
 

74 
 

14 
 

R-8 
 

7 
 

F 
 

6.50 
 

3.571 
 

1.749 
 

5.320 
 

74 
 

15 
 

R-11 
 

6 
 

F 
 

7.20 
 

3.313 
 

1.459 
 

4.772 
 

65 
 

16 
 

L-12 
 

5 
 

F 
 

6.00 
 

3.819 
 

2.510 
 

6.329 
 

66 
 

17 
 

R-12 
 

5 
 

F 
 

6.00 
 

4.782 
 

1.188 
 

5.970 
 

66 
 

18 
 

R-13 
 

2.5 
 

M 
 

7.00 
 

3.276 
 

1.579 
 

4.855 
 

70 
 

19 
 

L-15 
 

4 
 

F 
 

5.50 
 

3.232 
 

1.203 
 

4.435 
 

56 
 

20 
 

L-16 
 

6 
 

F 
 

5.20 
 

2.155 
 

1.446 
 

3.601 
 

66 
 

Mean 
 

5.1 
 

- 
 

6.32 
 

3.657 
 

1.545 
 

5.202 
 

68 
 

Median 
 

5 
 

- 
 

6.50 
 

3.511 
 

1.453 
 

5.167 
 

67 
 

Std. Dev. 
 

1.5 
 

- 
 

0.64 
 

0.817 
 

0.379 
 

0.868 
 

5.7 

L = left; R = right; F = female; M = male 
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TABLE 4.3.  Stress at yield point, ultimate strength, and failure point for the specimens in 

group 1.  (n = 10) 
 

Stress values: Group 1 (IM pin and wires) 
 

 

Specimen  

no. 

 

 

Specimen   

ID 

 

 

Yield point 

(MPa) 

 

Ultimate 

strength 

(MPa) 

 

Failure 

point   

(MPa) 
 

1 
 

L-2 
 

0.353 
 

0.475 
 

0.407 
 

2 
 

R-2 
 

0.288 
 

0.470 
 

0.469 
 

3 
 

L-3 
 

0.356 
 

0.474 
 

0.475 
 

4 
 

R-6 
 

0.352 
 

0.392 
 

0.137 
 

5 
 

L-7 
 

0.163 
 

0.245 
 

0.247 
 

6 
 

R-7 
 

0.130 
 

0.153 
 

0.134 
 

7 
 

L-11 
 

0.473 
 

0.477 
 

0.477 
 

8 
 

L-13 
 

0.480 
 

0.486 
 

0.486 
 

9 
 

R-15 
 

0.151 
 

0.178 
 

0.135 
 

10 
 

R-16 
 

0.479 
 

0.482 
 

0.485 
 

Mean 
 

0.323 
 

0.383 
 

0.345 
 

Median 
 

0.353 
 

0.472 
 

0.438 
 

Std. Dev. 
 

0.137 
 

0.136 
 

0.161 

                  L = left; R = right 
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TABLE 4.4.  Stress at yield point, ultimate strength, and failure point for the specimens in 

group 2.  (n = 10) 
 

Stress values: Group 2 (Bone plate and screws) 
 

 

Specimen  

no. 

 

 

Specimen   

ID 

 

 

Yield point 

(MPa) 

 

Ultimate 

strength 

(Mpa) 

 

Failure 

point        

(Mpa) 
 

11 
 

R-5 
 

0.295 
 

0.379 
 

0.293 
 

12 
 

L-6 
 

0.393 
 

0.405 
 

0.405 
 

13 
 

L-8 
 

0.483 
 

0.486 
 

0.486 
 

14 
 

R-8 
 

0.485 
 

0.487 
 

0.489 
 

15 
 

R-11 
 

0.400 
 

0.408 
 

0.409 
 

16 
 

L-12 
 

0.328 
 

0.441 
 

0.452 
 

17 
 

R-12 
 

0.322 
 

0.322 
 

0.242 
 

18 
 

R-13 
 

0.473 
 

0.473 
 

0.475 
 

19 
 

L-15 
 

0.467 
 

0.473 
 

0.387 
 

20 
 

L-16 
 

0.382 
 

0.439 
 

0.387 
 

Mean 
 

0.403 
 

0.431 
 

0.403 
 

Median 
 

0.397 
 

0.440 
 

0.407 
 

Std. Dev. 
 

0.072 
 

0.072 
 

0.082 

                  L = left; R = right 
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TABLE 4.5.  Strain at yield point, ultimate strength, and failure point for the specimens in 

group 1.  (n = 10) 
 

Strain values: Group 1 (IM pin and wires) 
 

 

Specimen  

no. 

 

 

Specimen   

ID 

 

 

Yield point 

(%) 

 

Ultimate 

strength 

(%) 

 

Failure 

point  

(%) 
 

1 
 

L-2 
 

0.2904 
 

0.4438 
 

1.1010 
 

2 
 

R-2 
 

0.0918 
 

0.1589 
 

0.2441 
 

3 
 

L-3 
 

0.3110 
 

0.4606 
 

1.1900 
 

4 
 

R-6 
 

0.0160 
 

0.0447 
 

0.3894 
 

5 
 

L-7 
 

0.3143 
 

0.7372 
 

1.0520 
 

6 
 

R-7 
 

0.3206 
 

0.3282 
 

0.4340 
 

7 
 

L-11 
 

0.5166 
 

0.6177 
 

0.7944 
 

8 
 

L-13 
 

0.3269 
 

0.3888 
 

0.4919 
 

9 
 

R-15 
 

0.6154 
 

0.7822 
 

1.2050 
 

10 
 

R-16 
 

0.1541 
 

0.1591 
 

0.2241 
 

Mean 
 

0.2957 
 

0.4121 
 

0.7126 
 

Median 
 

0.3127 
 

0.4160 
 

0.6430 
 

Std. Dev. 
 

0.1805 
 

0.2492 
 

0.3989 

                  L = left; R = right 
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TABLE 4.6.  Strain at yield point, ultimate strength, and failure point for the specimens in 

group 2.  (n = 10) 
 

Strain values: Group 2 (Bone plate and screws) 
 

 

Specimen  

no. 

 

 

Specimen   

ID 

 

 

Yield point 

(%) 

 

Ultimate 

strength 

(%) 

 

Failure 

point  

(%) 
 

11 
 

R-5 
 

0.7833 
 

1.279 
 

2.252 
 

12 
 

L-6 
 

0.4610 
 

0.5668 
 

1.0480 
 

13 
 

L-8 
 

0.1694 
 

0.1815 
 

0.3134 
 

14 
 

R-8 
 

0.2142 
 

0.2272 
 

0.3508 
 

15 
 

R-11 
 

0.1890 
 

0.2388 
 

0.3610 
 

16 
 

L-12 
 

0.2251 
 

0.3316 
 

1.0680 
 

17 
 

R-12 
 

0.4824 
 

0.4818 
 

0.6291 
 

18 
 

R-13 
 

0.5100 
 

0.5172 
 

1.2340 
 

19 
 

L-15 
 

0.4768 
 

0.7441 
 

0.9111 
 

20 
 

L-16 
 

0.1128 
 

0.1541 
 

0.2148 
 

Mean 
 

0.3624 
 

0.4722 
 

0.8382 
 

Median 
 

0.3431 
 

0.4070 
 

0.7700 
 

Std. Dev. 
 

0.2125 
 

0.3425 
 

0.6174 

                  L = left; R = right 
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4.3.  Results of Statistical Analyses 
  

Statistical corrective measures were performed to bring into normality those results that 

were slightly out of the normal range of distribution.  Mean values were therefore used 

as the basis of all statistical calculations.  Median values were not used in any statistical 

calculations, but were merely included in this text for the sake of comparison.  

 

Results of the descriptive statistics, i.e. mean values, median values, and standard 

deviation, can be found at the bottom of Tables 4.1 to 4.8.  Results of the ANCOVA 

procedures performed on the raw data are summarized in Table 4.9.  The following 

outcomes were significantly different between the factors, while the co-variates also 

explained the variation significantly: bone diameter (p = 0.002) and medullary diameter 

(p = 0.001) by body mass; cortical width (p = 0.067), strain at yield point (p = 0.038), 

strain at ultimate strength (p = 0.029), stress at failure point (p = 0.049), and strain at 

failure point (p = 0.093) by age.  Results of Pearson Correlations, correlating the 

outcome variables with body mass and age of the cadavers, are summarized in Tables 

F.1 and F.2 in Appendix F.   
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4.3.1.  Graphic representation 
 

Scatter graphs and bar graphs were drawn to represent the values that were 

statistically significant.  Only values of outcome variables that were significantly 

correlated to the factors and co-variates (see Table 4.9), were plotted and are indicated 

in the following scatter graphs.  These values are: body mass vs. bone diameter (p < 

0.01), body mass vs. medullary diameter (p < 0.01), cortical width vs. age (p < 0.1), 

strain at yield point vs. age (p < 0.05), strain at ultimate strength vs. age (p < 0.05), 

stress at failure point vs. age (p < 0.05), and strain at failure point vs. age (p < 0.1).  

(See Figures 4.1 to 4.7). Outcome variables with p-values higher than 10% (not 

statistically significant) were not included in the graphs.   
 

      
a.                                                                        b.  

Figure 4.1 (a and b).  Scatter graphs of body mass vs. bone diameter for the specimens 

in groups 1 and 2, with line of best fit (trend line) indicated on the graphs.  (p < 0.01).  
 

      
a.                                                                        b.  

Figure 4.2 (a and b).  Scatter graph of body mass vs. medullary diameter for the 

specimens in groups 1 and 2, with line of best fit (trend line) indicated on the graphs.     

(p < 0.01). 
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a.                                                                        b.  

Figure 4.3 (a and b).  Scatter graph of cortical width vs. age for the specimens in groups 

1 and 2, with line of best fit (trend line) indicated on the graphs.  (p < 0.1).  

 

       
a.                                                                        b.  

Figure 4.4 (a and b).  Scatter graph of yield point vs. age for the specimens in groups 1 

and 2, with line of best fit (trend line) indicated on the graphs.  (p < 0.05).  

 

      
a.                                                                        b.  

Figure 4.5 (a and b).  Scatter graph of strain at ultimate strength vs. age for the 

specimens in groups 1 and 2, with line of best fit (trend line) indicated on the graphs.     

(p < 0.05).   
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a.                                                                        b.  

Figure 4.6 (a and b).  Scatter graph of applied stress at the failure point vs. age for the 

specimens in groups 1 and 2, with line of best fit (trend line) indicated on the graphs.     

(p < 0.05).  

 

      
a.                                                                        b.  

Figure 4.7 (a and b).  Scatter graph of strain at the failure point vs. age for the specimens 

in groups 1 and 2, with line of best fit (trend line) indicated on the graphs.  (p < 0.1).   

 

Mean bone diameter (p < 0.1) and mean medullary diameter (p < 0.1) for the two 

groups are illustrated in the form of a bar graph.  (See Figure 4.8).  Mean cortical width, 

although not statistically significant (p = 0.831) was included in this graph for the sake 

of comparison.   
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Figure 4.8.  Bar graph illustrating mean bone diameter (p < 0.1), mean medullary diameter 

(p < 0.1), and mean cortical width (p = 0.831) for the two groups. 

 

For groups 1 and 2 respectively, mean stress (applied load) at the yield point were 

0.323 MPa (± 0.137) and 0.403 MPa (± 0.072) (p = 0.299), at ultimate strength 0.383 

MPa (± 0.136) and 0.431 MPa (± 0.053) (p = 0.275), and at the failure point 0.345 MPa 

(± 0.161) and 0.403 MPa (± 0.082) (p = 0.137).  Mean strain (deformation) at the yield 

point in the two groups were 0.296% (± 0.181) and 0.362% (± 0.213) respectively (p = 

0.684), at ultimate strength 0.412% (± 0.249) and 0.472% (± 0.343) (p = 0.778), and at 

the failure point 0.713% (± 0.399) and 0.838% (± 0.617) (p = 0.505).  (See Table 4.9 

and Appendix G).   

 

Mean age of the dachshunds in this study was 4.8 years (± 1.5) and 5.1 years (± 1.5) 

for the IMPW and BPS groups respectively, while mean age of female cadavers was 

5.3 years (± 1.2) and that of male cadavers 3.9 years (± 1.7). Similarly, mean mass was 

8.24 kg (± 2.3) and 6.32 kg (± 0.6) for the IMPW and BPS groups respectively, while 

mean mass of female cadavers was 6.2 kg (± 0.7) and that of male cadavers 9.28 kg (± 

1.9). 
 

Bar graphs comparing the mean applied stress at the yield point, ultimate strength, and 

failure point (see Figure 4.9), and the mean strain at the same points (see Figure 4.10), 

were drawn for the specimens in groups 1 and 2.   
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Figure 4.9.  Bar graph illustrating the mean applied stress (load) at the Yield point (p = 

0.3), Ultimate strength (p = 0.28), and Failure point (p = 0.137) for the specimens in 

groups 1 (IM pin and wires) and 2 (bone plate and screws). 

 

 

 

 

 
Figure 4.10.  Bar graph illustrating the mean strain (deformation) at the Yield point (p = 

0.684), Ultimate strength (p = 0.778), and Failure point (p = 0.5) for the specimens in 

groups 1 (IM pin and wires) and 2 (bone plate and screws). 
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4.4.  Modes of Failure 
 

4.4.1. Group 1 
 

During loading to failure, 80% intramedullary pins and 30% cerclage wires underwent 

plastic (permanent) deformation.  Three distinct modes of failure were noted in group 1: 
 

1) Unraveling/slippage with displacement of cerclage wires (50% of specimens in 

group 1).  (See Figure 4.1). 
 

a.      b.  

c.      d.    

FIGURE 4.13.  Unraveling/slippage of cerclage wires.  Specimen 2 (R-2):  Mediolateral (a) 
and craniocaudal (b) view radiographs of the left tibia, and its medial (c) and cranial (d) 
photographic view, taken after completion of the biomechanical tests.  Separation of the 
fragments at the osteotomy site; all 3 cerclage wires were loose and displaced towards 
the osteotomy site; their free ends were elevated between 40° and 85°; the intramedullary 
pin underwent plastic deformation. 
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2) Bone fracture at a cerclage wire (30% of specimens in group 1).  (See Figure 

4.2). 
 

a.      b.  

c.      d.  

FIGURE 4.14.  Bone fracture at a cerclage wire.  Specimen 7 (L-11):  Mediolateral (a) and 
craniocaudal (b) view radiographs of the left tibia, and its medial (c) and cranial (d) 
photographic view, taken after completion of the biomechanical tests.  No separation of 
the fragments at the osteotomy site; complete transverse fracture at the distal wire, 
involving both fragments; separation took place at this fracture site; the intramedullary 
pin was intact. 
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3) Bone fracture not associated with a cerclage wire (20% of specimens in group 

1).  (See Figure 4.15). 

 

      a.      b.  
 

c.      d.  
 

FIGURE 4.15.  Bone fracture not associated with a cerclage wire.  Specimen 8 (L-13):  
Mediolateral (a) and craniocaudal (b) view radiographs of the left tibia, and its lateral (c) 
and cranial (d) photographic views, taken after completion of the biomechanical tests.  
No separation at the osteotomy site; the cerclage wires were intact; long spiral fracture 
starting 1mm proximal to the proximal wire on the cranial ridge of the bone, running in a 
caudo-proximal direction; intramedullary pin underwent a small degree of plastic 
deformation. 
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4.4.2. Group 2 

 

None of the bone plates or screws underwent plastic (permanent) deformation.  Two 

distinct modes of failure were noted in group 2: 
 

1) Bone fracture at one or more screw holes (80% of specimens in group 2).  (See 

Figure 4.16). 

a.      b.  

c.      d.  

FIGURE 4.16.  Bone fracture at one or more screw holes.  Specimen 14 (R-8):  
Mediolateral (a) and craniocaudal (b) view radiographs of the left tibia, and its medial (c) 
and cranial (d) photographic views, taken after completion of the biomechanical tests.  
Separation of main bone fragments; complete long oblique fracture involving the cranial 
aspect of the bone, running in a disto-proximal direction between the length of screw 3 
to the length of screw 1; the distal aspect of the fracture line ran transversely on the 
cranial aspect of the bone along the length of screw 3, just proximal to it; screw 2 was 
completely loose and displaced, but without any plastic deformation; the bone plate and 
the rest of the screws were intact, without any plastic deformation.  (Screws numbered 1 
to 6 proximo-distally). 
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2) Bone fracture not directly associated with the implants (20% of specimens in 

group 2).  (See Figure 4.17). 

 

 a.      b.  

c.      d.  

FIGURE 4.17.  Bone fracture not associated with the implants.  Specimen 11 (R-5): 
Mediolateral (a) and craniocaudal (b) view radiographs of the left tibia, and its medial (c) 
and cranial (d) photographic views, taken after completion of the biomechanical tests.  
No separation of fragments; transverse fracture of the proximal epiphysis of the bone; 
the bone plate and screws were intact, without any plastic deformation. 
(Screws in plate holes numbered 1 to 6 proximo-distally). 
 
 
Only one screw (3%) loosened and displaced under compression, due to a connecting 
fissure line that developed along the lengths of the shafts of two adjacent screws.  This 
resulted in separation of the main bone fragments at the osteotomy site in this single 
specimen. 
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4.4.3. Summary of individual modes of failure 
 

A summary of the individual modes of failure for each specimen in the two groups can 

be found in Tables 4.10 and 4.11.   

 

TABLE 4.10.  Summary of mode(s) of failure of the specimens in group 1 (specimens 1 to 

10).  (n = 10)  
 

Group 1 (IM pin and wires) 
 

 

Specimen 

no. 

 

Specimen        

ID 

 

 

Mode(s) of failure                                                 

 

 

1 
 

L-2 
Separation of main bone fragments; proximal and distal 
wire displaced; IM pin plastic deformation. 

 

 

2 
 

R-2 
Separation of main bone fragments; all 3 wires 
displaced; IM pin intact. 

 

 

3 
 

L-3 
Separation of main bone fragments; all 3 wires 
displaced; IM pin plastic deformation.   

 

 

4 

 

R-6 

Separation of main bone fragments; wires not 
displaced; fractures proximal fragment under proximal 
and middle wires and distal fragment proximal to 
proximal wire; IM pin intact. 

 

 

5 
 

L-7 
Separation of main bone fragments; wires not 
displaced; fracture proximal fragment under middle 
wire; IM pin plastic deformation.  

 

 

6 
 

R-7 
Separation of main bone fragments; middle and distal 
wires displaced; fracture under middle wire; IM pin 
plastic deformation.  

 

 

7 
 

L-11 
No separation of fragments; wires not displaced; 
fracture under distal wire (both fragments); IM pin 
intact. 

 

 

8 
 

L-13 
No separation of fragments; wires not displaced; 
fracture proximal to proximal wire; IM pin plastic 
deformation. 

 

 

9 
 

R-15 
No separation of fragments; wires not displaced; 
fracture at proximal tip of bone; IM pin plastic 
deformation. 

 

 

10 
 

R-16 
No separation of fragments; wires not displaced; 
avulsion fracture caudal head of bone; IM pin plastic 
deformation. 

 

 (Ceclage wires numbered 1 to 3 proximo-distally). 
 L = left; R = right  
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TABLE 4.11.  Summary of mode(s) of failure of the specimens in group 2 (specimens 11 

to 20).  (n = 10) 
 

Group 2 (Bone plate and screws) 
 

 

Specimen 

no. 

 

Specimen        

ID 

 

 

Mode(s) of failure                                                        

 

 
 

11 

 
 

R-5 
No separation of fragments; fracture of proximal 
epiphysis of the bone; bone plate and screws intact, 
without plastic deformation. 

 

 
 

12 

 
 

L-6 
No separation of fragments; fracture at head lag screw; 
bone plate and screws intact, without plastic 
deformation. 

 

 
 

13 

 
 

L-8 
No separation of fragments; fracture at heads screws 1 
and 2; bone plate and screws intact, without plastic 
deformation. 

 

 
 

14 

 
 

R-8 
Separation of main bone fragments; fracture between 
body screws 1 and 3; screw 2 loose; bone plate and 
rest of screws intact, without plastic deformation. 

 

 
 

15 

 
 

R-11 
No separation of fragments; fracture proximal to 
proximal end of bone plate; bone plate and screws 
intact, without plastic deformation.   

 

 
 

16 

 
 

L-12 
No separation of fragments; fracture between screw 
tips 1, 2 and 3; bone plate and screws intact, without 
plastic deformation.  

 

 

 

17 

 

 

R-12 

No separation of fragments; fracture between  heads 
screw 3, lag screw and screw 4; tibial crest avulsion 
fracture; bone plate and screws intact, without plastic 
deformation. 

 

 
 

18 

 
 

R-13 
No separation of fragments; fracture between screw 
tips 3 and 4 and from head of lag screw; bone plate 
and screws intact, without plastic deformation. 

 

 

19 
 

L-15 
No separation of fragments; fracture at head lag screw; 
bone plate and screws intact, without plastic 
deformation. 

 

 

20 
 

L-16 
No separation of fragments; fracture at body of screw 
1; bone plate and screws intact, without plastic 
deformation.   

 

 (Screws in plate holes numbered 1 to 6 proximo-distally). 
 L = left; R = right 
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4.4.4. Radiographs and photographs 
 

Modes of failure portrayed by radiographs and photographs of each specimen taken 

after completion of the biomechanical tests are shown in Appendix E.  Mediolateral and 

craniocaudal view radiographs of each specimen taken prior to the biomechanical 

testing are included for the sake of comparison of the mode(s) of failure. 
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5.3       Experimental technique 
 

The reproduction of similar (due to individual configurations of the bones, not precise) 

oblique osteotomies of each bone in a consistent fashion in vitro was easily achieved, 

making comparison of specimens meaningful. 

 

In the creation of the osteotomies, the initial intention was to perform standard long 

oblique osteotomies in the middle third of the diaphysis of between 60° and 70° (to the 

long axis of each tibia) to accommodate the three full cerclage wires better.  However, 

the variation in bone morphology (bone length, - diameter, and - shape) in some cases 

resulted in shorter oblique osteotomies than desired.  A small, but inevitable amount of 

bone loss (equal to the thickness of the oscillating saw blade) also caused the 

osteotomies to incline to a slightly shorter oblique configuration.  Although not 

outspoken, this additional gap in the bone adversely affected the alignment of the bone 

fragments when attempting to reconstruct the original shape of the bone. To establish 

proper bone-to-bone contact, the fragments were inevitably forced to slide the width of 

the gap towards one another.  The non-uniform diameter of the tibial diaphyses further 

affected this alignment negatively, causing some overlap of the cortices, resulting in 

some degree of step formation.  Although still well within acceptable limits, the amount 

of mutual contact between the fragments was subsequently less than 100%, possibly 

affecting the strength of the in vitro repair adversely.  In vivo, however, this slight 

misalignment would not be of importance where bone healing is involved. 

 

The direction of the osteotomy line (proximo-cranial-disto-caudally) in relation to the 

shape of the tibial bone played a major role in the length of the osteotomy line. By 

performing an osteotomy in a mirror image direction (proximo-caudal-disto-cranially), a 

longer osteotomy line would likely have been possible, but this would not have 

mimicked the naturally occurring configuration of fractures as found in the previous 

retrospective study conducted by the author that dealt with the configuration of mid-

diaphyseal tibial fractures in vivo. 

 

These factors contributed to the unavoidable sacrifice of the following surgical principles 

when some of the cerclage wires were applied17,50,59,62: 
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sufficient resistance to the appropriate applied loads.  Only two specimens were tested, 

resulting in no significant difference between the use of two and three full cerclage 

wires in their yield points, ultimate strengths, failure points, and median values.  To 

determine the clinical significance of these results, more specimens should be studied 

in vivo. 

 

A large number of the stress-strain graphs from both groups (see Appendix D) had a 

flat plateau at the top of the curve for various strain ranges.  The reason for this is that 

the length of the curve (usually the plateau seen) after completion of each test (at the 

point of failure), was dependent on the time the test equipment was switched off, which 

was manually performed by the operator.  This resulted in different lengths of this part 

of the curve in each case, but because the relevant values (yield, ultimate strength and 

failure) were recorded prior to the start of the plateau, the length of the plateau is 

irrelevant.          

 

5.4       Findings 
 

Three distinct modes of failure were determined in group 1 (IM pins and cerclage 

wires), i.e. unravelling/slippage with displacement of cerclage wires (50% of 

specimens), bone fracture at the site of a cerclage wire (30% of specimens), and bone 

fracture not associated with a cerclage wire (20% of specimens).  Separation of the 

bone fragments at the osteotomy line subsequently occurred in six of the ten specimens 

in this group.  In group 1, eight of the ten IM pins and nine of the thirty cerclage wires 

that were used, underwent plastic (permanent) deformation under compression.   

 

Two distinct modes of failure were determined in group 2 (bone plate and screws), i.e. 

bone fracture at one or more screw holes (80% of specimens), and bone fracture not 

associated with the implants (20% of specimens).  Only one screw (3%) became loose 

and displaced under compression. This occurred due to a connecting fissure line that 

had developed along the lengths of the shafts of two adjacent screws, resulting in 

separation of the main bone fragments at the osteotomy site in this single specimen.  In 

this specimen, these screws acted as stress risers.  In group 2, none of the bone plates 

or screws underwent plastic (permanent) deformation under compression, indicating a 
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Bone screws acting as stress risers played an important role in bone fractures that 

occurred at one or more screw holes.  Bone was removed by drilling the screw holes, 

thereby weakening the bone structure in these areas.  Load sharing between the bone 

plate, bone screws and the bone itself occurred, but the absence of bone healing in 

vitro prevented any increase in bone strength over time, leading to a more pronounced 

stress rising effect originating from the screw holes.  

 

Bone fractures not directly associated with a bone plate or a bone screw could have 

occurred due to possible structural and/or material bone deficiencies.  In addition, the 

proximal end of the bone plate acted as a fulcrum under the applied compressive load.  

This caused failure in some of the specimens in the area proximal to the bone plate.  

 

Statistically, there were no significant differences in the mean applied stress (load) at 

yield (p = 0.299), ultimate strength (p = 0.275), or failure (p = 0.137) between the two 

groups.  Similarly, there were no significant differences in the mean strain (deformation) 

at yield (p = 0.684), ultimate strength (p = 0.778), or failure (p = 0.505) between the two 

groups.  This could indicate either that there was practically no difference between the 

treatment methods, or that the study was not statistically powerful enough in terms of 

sample numbers. In vivo studies will be necessary to determine the clinical significance 

thereof. 

 

In this study, the co-variates (mass and age) contributed more (having smaller p-

values) in explaining the variance of the parameters than the factors (treatment 

methods and gender).  In other words, heavier and older animals had slightly stronger 

bones, which were more prone to significantly influence the outcome of the test results 

than the bones of younger and lighter animals.  Likewise, using either IM pins and 

cerclage wires, or bone plates and screws in repairing the osteotomies, did not 

significantly influence the outcome of the test results.  

 

It is clear from the scatter graphs (see Figures 4.1 to 4.7) that the following parameters 

had a strong positive correlation in group 1: body mass vs. bone diameter (i.e. 

increasing body mass with increasing bone diameter), and body mass vs. medullary 

diameter (i.e. increasing body mass with increasing medullary diameter), while they had 
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CHAPTER SIX: CONCLUSION  
 

 

Clinically, there appeared to be a slight indication for bone plates and screws to be 

more resistant to deformation by the loads applied on them than intramedullary pins 

and cerclage wires.  Applied stress (load) and strain (deformation), appeared to be 

higher in the bone plate and screws fixated specimens than in those of intramedullary 

pin and cerclage wires fixated specimens at the yield point, ultimate strength and failure 

point respectively.   

 

However, statistically, this study did not show enough evidence to prove a significant 

difference between the overall performance and strength of the two methods of repair.  

This could mean that there either truly was no difference between the treatment 

methods, or that the study was not powerful enough in terms of sample numbers.   

 

Co-variates such as body mass and age contributed more in explaining the variance of 

the parameters than factors such as treatment methods and gender.  
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CHAPTER SEVEN: RECOMMENDATIONS 
 

 

Many small animal practitioners do not have access to the specialized and costly 

equipment necessary to apply bone plates, or lack the essential skills to perform such 

operations.  However, most practitioners have access to, and are skilled in using the 

simpler, more affordable equipment necessary to place an intramedullary pin and 

cerclage wires.  For those practitioners in particular, the recommendations arising from 

this study will be of value.   

 

The use of bone plates and screws are still considered the gold standard in internal 

fixation, but with results of this study in mind, it is suggested that intramedullary pins 

and cerclage wires could be used as an acceptable alternative to bone plates and 

screws in the treatment of oblique mid-diaphyseal tibial fractures in chondrodystrophic 

dog breeds.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 





104 
 

 

9. Boone EG, Johnson AL, Montovan P, Hohn RB 1986 Fractures of the tibial 

diaphysis in dogs and cats. Journal of the American Veterinary Medical 

Association 188(1): 41-45 

 

10. Boudrieau RJ 2003 Fractures of the tibia and fibula. In Slatter DH (ed) Textbook 

of Small Animal Surgery (3rd ed). Saunders, Philadelphia: 2144-2157 

 
11. Bouvy BM, Markel MD, Chelikani S, Egger EL, Piermattei D, Vanderby R 1993 

Ex vivo biomechanics of Kirschner-Ehmer external skeletal fixation applied to 

canine tibiae. Veterinary Surgery 22: 194-207 

 

12. Brinker WO, Hohn RB, Prieur WD 1984 Manual of internal fixation in small 

animals. Springer-Verlag, Heidelberg: 29-79 & 104-107 

 

13. Brinker WO, Verstraete ME, Soutas-Little RW 1985 Stiffness studies on various 

configurations and types of external fixators. Journal of American Animal 

Hospital Association 21: 280-288  

 

14. Brooks RL, Tarvin GB 1982 In vitro cerclage wiring analysis Veterinary Surgery 

11: 39-43 

 
15. Carter DR, Spengler DM 1982 Biomechanics of Fracture. In Sumner-Smith G 

(ed) Bone in Clinical Orthopedics. WB Saunders, Philadelphia: 586-595 

 

16. Coetzee G.L. 2002 Basic principles for the application of bone plates and screws 

in small animal patients. CPD course for veterinary surgeons, Pretoria, 

September 7, 2002. Roth Medical Components (Pty) Ltd, Pinelands, South 

Africa: 1-23  

 

17. Coetzee GL 1999 Long bone fracture fixation with an intramedullary pin and C-

clamp-on plate in dogs. Veterinary Comparative Orthopedics and Traumatology 

12: 26-32  

 

 
 
 













110 
 

 

61. Roe SJ, Pijanovsky GJ, Johnson AL 1988 Biomechanical properties of canine 

cortical allografts: Effects of preparation and storage. American Journal of 

Veterinary Research 49: 873-877 

 

62. Rooks RL, Tarvin GB 1982 In vitro cerclage wire analysis. Veterinary Surgery 11: 

39-43 

 
63. Rose BW, Pluhar GE, Novo RE, Lunos S 2009 Biomechanical analysis of 

stacked plating techniques to stabilize distal radial fractures in small dogs. 

Veterinary Surgery 38: 954-960 

 
64. Roylance D 2001 Stress-strain curves. Massachusetts Institute of Technology, 

Cambridge, MA 02139: 1-14 

 

65. Rudy RL 1975 Principles of intramedullary pinning. Veterinary Clinics of North 

America 5(2): 209-228 

 
66. Saikku-Bäckström A, Räihä JE, Välimaa T, Tulamo R-M 2005 Repair of radial 

fractures in toy breed dogs with self-reinforced biodegradable bone plates, metal 

screws, and light-weight external coaptation. Veterinary Surgery 34: 11-17 

 

67. Schatzker J 1991 Screws and plates and their application. In Allgöwer M (ed) 

Manual of internal fixation: techniques recommended by the AO-ASIF group (3rd 

ed). Springer-Verlag, Berlin: 179-199 

 
68. Schulz RS 1985 Strength of stainless steel surgical wire in various fixation 

modes. Clinical Orthopedics 198: 304-308    

 

69. Schwarz PD 1993 Fracture biomechanics of the appendicular skeleton: causes 

and assessment. In Bojrab MJ (ed) Disease mechanisms in small animal surgery 

(2nd ed). Lea & Febiger, Philadelphia: 1009-1026 

 

70. Seaman JA, Simpson AM 2004 Tibial fractures. Clinical Techniques in Small 

Animal Practice 19(3): 151-167 

 
 
 









114 
 

 

APPENDIX B 

Implants and instruments used in bone fixation 

 

 

 
FIGURE B.1.  Synthes® number 1 orthopaedic wire (a), and 2 mm Steinmann pins (K-

wires) (b) that were used during the procedures in group 1. 

 

 

 
FIGURE B.2.  An example of a 6 hole, 2.7 mm DCP with a collection of 2.7 mm cortical 

screws of various lengths, similar to those used in repairing the osteotomized 

Dachshund tibiae in group 2. 
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FIGURE B.3.  Instruments used to apply the intramedullary pins and cerclage wires in 

group 1. (a.) Small fragment forceps. (b.) Jacobs chuck and key with T-handle. (c.) Bone 

file, flat. (d.) Eyelet cerclage wire loop tightener. (e.) Wire twister/cutter. (f.) Pin cutter. 

 

 

 
FIGURE B.4.  Instruments used in applying the bone plates and screws in group 2. a. 

Small fragment bone holding forceps. b. Plate holder. c. Universal handle for screw 

drivers, taps and drill bits. d. Screw driver tip for 2.7 and 3.5 mm screws. e. 2 mm tap. f. 2 

mm drill bit. g. 2.7 mm drill bit. h. Depth gauge. i. Plate benders. j. Ruler, to measure 

screw (and/or intramedullary pin) diameter. k. Ruler, to measure screw length.  
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APPENDIX C 

Basic steps in applying tibial implants in group 2  

 

 

 
Figure C.1.  The gliding hole in the cis cortex is drilled, using a 2.7 mm drill bit. 

 

 

 
FIGURE C.2.  After drilling through the trans cortex with a 2 mm drill bit, the depth of the 

hole is measured, using a depth gauge. 

 

 

 
FIGURE C.3.  The hole is tapped, using a 2.7 mm tap. 
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FIGURE C.4.  A 12 mm long 2.7 mm cortical screw is inserted as a lag screw to achieve 

compression at the osteotomy site. 

 

 

 
FIGURE C.5.  Bending irons used to contour the plate to fit the bone on its medial aspect. 

 

 

 
FIGURE C.6.  A screw hole is drilled in the bone using a 2 mm drill bit, while the plate is 

kept in position by a plate holder. 
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FIGURE C.7.  A depth gauge is used to measure the depth of the screw hole. 

 

 

 

 
FIGURE C.8.  The screw hole is tapped using a 2.7 mm tap. 

 

 

 

 
FIGURE 3.9.  A 10 mm long 2.7 mm screw is inserted using a screw driver.  
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APPENDIX D 

Stress-strain graphs: Group 1 

 

 

 
FIGURE D.1.  Stress-strain graph for specimen 1 (R-2) repaired by intramedullary pin and 

cerclage wires.  (R = right) 

 

 

 

 
FIGURE D.2.  Stress-strain graph for specimen 2 (L-2) repaired by intramedullary pin and 

cerclage wires.  (L = left) 
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FIGURE D.3.  Stress-strain graph for specimen 3 (L-3) repaired by intramedullary pin and 

cerclage wires.  (L = left) 

 

 

 

 
FIGURE D.4.  Stress-strain graph for specimen 4 (R-6) repaired by intramedullary pin and 

cerclage wires.  (R = right) 
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FIGURE D.5.  Stress-strain graph for specimen 5 (L-7) repaired by intramedullary pin and 

cerclage wires.  (L = left) 

 

 

 

 
FIGURE D.6.  Stress-strain graph for specimen 6 (R-7) repaired by intramedullary pin and 

cerclage wires.  (R = right) 
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FIGURE D.7.  Stress-strain graph for specimen 7 (L-11) repaired by intramedullary pin 

and cerclage wires.  (L = left) 

 

 

 

 
FIGURE D.8.  Stress-strain graph for specimen 8 (L-13) repaired by intramedullary pin 

and cerclage wires.  (L = left) 
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FIGURE D.9.  Stress-strain graph for specimen 9 (R-15) repaired by intramedullary pin 

and cerclage wires.  (R = right) 

 

 

 

 
FIGURE D.10.  Stress-strain graph for specimen 10 (R-16) repaired by intramedullary pin 

and cerclage wires.  (R = right) 
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Stress-strain graphs: Group 2 

 

 
FIGURE D.11.  Stress-strain graph for specimen 11 (R-5) repaired by bone plate and 

screws.  (R = right) 

 

 

 

 
FIGURE D.12.  Stress-strain graph for specimen 12 (L-6) repaired by bone plate and 

screws.  (L = left) 
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FIGURE D.13.  Stress-strain graph for specimen 13 (L-8) repaired by bone plate and 

screws.  (L = left) 

 

 

 

 
FIGURE D.14.  Stress-strain graph for specimen 14 (R-8) repaired by bone plate and 

screws.  (R = right) 
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FIGURE D.15.  Stress-strain graph for specimen 15 (R-11) repaired by bone plate and 

screws.  (R = right) 

 

 

 

 
FIGURE D.16.  Stress-strain graph for specimen 16 (L-12) repaired by bone plate and 

screws.  (L = left) 
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FIGURE D.17.  Stress-strain graph for specimen 17 (R-12) repaired by bone plate and 

screws.  (R = right) 

 

 

 

 
FIGURE D.18.  Stress-strain graph for specimen 18 (R-13) repaired by bone plate and 

screws.  (R = right) 
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FIGURE D.19.  Stress-strain graph for specimen 19 (L-15) repaired by bone plate and 

screws.  (L = left) 

 

 

 

 
FIGURE D.20.  Stress-strain graph for specimen 20 (L-16) repaired by bone plate and 

screws.  (L = left) 
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APPENDIX E 

Modes of failure: Group 1 

 

      
a.                                      b. 

 

       
                                             c.                                       d.                                                                             

 

       
                      e.                                            f.                                                   g. 
 
FIGURE E.1.  Specimen 1 (L-2):  Mediolateral (a) and craniocaudal (b) view radiographs of 
the left tibia taken prior to the biomechanical testing, compared to the mediolateral (c) 
and craniocaudal (d) radiographs of the same specimen, and its medial (e), cranial (f) and 
lateral (g) photographic view, taken after completion of the biomechanical tests. 
Separation of the fragments at the osteotomy site; wire 1 was displaced distally on the 
caudomedial ridge of the bone; wire 3 was displaced proximally on the cranial ridge of 
the bone, with the free end of the distal wire elevated 45°; the intramedullary pin 
underwent plastic deformation.  
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a.                                       b. 

                  

      
                                          c.                                        d. 

 

       
                 e.                                            f.                                            g. 

 
FIGURE E.2.  Specimen 2 (R-2):  Mediolateral (a) and craniocaudal (b) view radiographs 
of the left tibia taken prior to the biomechanical testing, compared to the mediolateral (c) 
and craniocaudal (d) radiographs of the same specimen, and its medial (e), cranial (f) and 
lateral (g) photographic view, taken after completion of the biomechanical tests. 
Separation of the fragments at the osteotomy site; all 3 wires were unraveled and 
displaced towards the osteotomy site; their free ends were elevated between 40° and 
85°; the intramedullary pin underwent plastic deformation.  
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a.                                       b. 

 

      
c.                                        d. 

 

       
                      e.                                            f.                                             g.     

 
FIGURE E.3.  Specimen 3 (L-3):  Mediolateral (a) and craniocaudal (b) view radiographs of 
the left tibia taken prior to the biomechanical testing, compared to the mediolateral (c) 
and craniocaudal (d) radiographs of the same specimen, and its medial (e), cranial (f) and 
lateral (g) photographic view, taken after completion of the biomechanical tests. 
Separation of the fragments at the osteotomy site; all 3 wires were unraveled, the distal 
wire was distally displaced; their free ends were elevated between 90° and 180°; the 
intramedullary pin underwent plastic deformation.  
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a.                                        b. 

 

      
 c.                                       d. 

 

       
                      e.                                            f.                                             g. 
 
FIGURE E.4.  Specimen 4 (R-6):  Mediolateral (a) and craniocaudal (b) view radiographs 
of the left tibia taken prior to the biomechanical testing, compared to the mediolateral (c) 
and craniocaudal (d) radiographs of the same specimen, and its medial (e), cranial (f) and 
lateral (g) photographic view, taken after completion of the biomechanical tests. 
Separation of the fragments at the osteotomy site; cerclage wires were not displaced, 
but the free end of the proximal wire was elevated 25°; a transverse incomplete fracture 
at the distal end of the proximal fragment under the proximal and middle wires on the 
medial aspect of the bone; a transverse fracture of the distal fragment 2 mm proximal to 
the proximal wire on the caudal aspect of the bone; the intramedullary pin was intact.  
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a.                                       b. 

 

      
c.                                         d.  

 

       
                      e.                                            f.                                             g.   

 
FIGURE E.5.  Specimen 5 (L-7):  Mediolateral (a) and craniocaudal (b) view radiographs of 
the left tibia taken prior to the biomechanical testing, compared to the mediolateral (c) 
and craniocaudal (d) radiographs of the same specimen, and its medial (e), cranial (f) and 
lateral (g) photographic view, taken after completion of the biomechanical tests. 
Separation of the fragments at the osteotomy site; cerclage wires were not displaced, 
but the free ends of the middle and distal wires were elevated between 15° and 30°; a 
transverse fracture of the proximal fragment under the middle wire on the caudal aspect 
of the bone; the intramedullary pin underwent plastic deformation.  
 

 
 

 
 
 



135 
 

 

      
a.                                      b. 

 

      
c.                                        d. 

 

       
                       e.                                            f.                                           g.                
 
FIGURE E.6.  Specimen 6 (R-7):  Mediolateral (a) and craniocaudal (b) view radiographs 
of the left tibia taken prior to the biomechanical testing, compared to the mediolateral (c) 
and craniocaudal (d) radiographs of the same specimen, and its medial (e), cranial (f) and 
lateral (g) photographic view, taken after completion of the biomechanical tests. 
Separation of the fragments at the osteotomy site; the middle and distal wires were 
unraveled and displaced towards the osteotomy site; oblique fracture at the middle wire; 
the intramedullary pin underwent plastic deformation.  
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a.                                       b. 

 

      
c.                                       d. 

 

       
                      e.                                            f.                                             g.            
 
FIGURE E.7.  Specimen 7 (L-11):  Mediolateral (a) and craniocaudal (b) view radiographs 
of the left tibia taken prior to the biomechanical testing, compared to the mediolateral (c) 
and craniocaudal (d) radiographs of the same specimen, and its medial (e), cranial (f) and 
lateral (g) photographic view, taken after completion of the biomechanical tests.  No 
separation of the fragments at the osteotomy site; complete transverse fracture at distal 
wire, involving both fragments; separation took place at this fracture site; the 
intramedullary pin was intact.  
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a.                                       b. 

 

      
c.                                      d. 

 

       
                      e.                                           f.                                             g. 

 
FIGURE E.8.  Specimen 8 (L-13):  Mediolateral (a) and craniocaudal (b) view radiographs 
of the left tibia taken prior to the biomechanical testing, compared to the mediolateral (c) 
and craniocaudal (d) radiographs of the same specimen, and its medial (e), cranial (f) and 
lateral (g) photographic view, taken after completion of the biomechanical tests.  No 
separation at the osteotomy site; the cerclage wires were intact; long spiral fracture 
starting 1 mm proximal to the proximal wire on the cranial ridge of the bone, running in a 
caudoproximal direction; intramedullary pin underwent a small degree of plastic 
deformation.  
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a.                                       b. 

 

     
c.                                      d.    

 

       
                      e.                                            f.                                             g.           

 
FIGURE E.9.  Specimen 9 (R-15):  Mediolateral (a) and craniocaudal (b) view radiographs 
of the left tibia taken prior to the biomechanical testing, compared to the mediolateral (c) 
and craniocaudal (d) radiographs of the same specimen, and its medial (e), cranial (f) and 
lateral (g) photographic view, taken after completion of the biomechanical tests.  No 
separation at the osteotomy site; the cerclage wires were intact; short oblique fracture of 
proximal aspect of the bone, running caudodistally; the intramedullay pin underwent 
plastic deformation.  
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a.                                      b.     

 

      
c.                                      d.                   

 

       
                      e.                                            f.                                            g. 

 
FIGURE E.10.  Specimen 10 (R-16):  Mediolateral (a) and craniocaudal (b) view 
radiographs of the left tibia taken prior to the biomechanical testing, compared to the 
mediolateral (c) and craniocaudal (d) radiographs of the same specimen, and its medial 
(e), cranial (f) and lateral (g) photographic view, taken after completion of the 
biomechanical tests.  No separation at the osteotomy site; the cerclage wires were 
intact; avulsion fracture of the caudal aspect of the head of the bone; the intramedullay 
pin underwent slight plastic deformation.  
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a.                                        b. 

 

      
c.                                        d.    

 

       
                       e.                                           f.                                             g.        

 
FIGURE E.11.  Specimen 11 (R-5):  Mediolateral (a) and craniocaudal (b) view radiographs 
of the left tibia taken prior to the biomechanical testing, compared to the mediolateral (c) 
and craniocaudal (d) radiographs of the same specimen, and its medial (e), cranial (f) and 
lateral (g) photographic view, taken after completion of the biomechanical tests.  No 
separation of fragments; transverse fracture of the proximal epiphysis of the bone; the 
bone plate and screws were intact, without any plastic deformation.  (Screws in plate 
holes numbered 1 to 6 proximo-distally). 
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a.                                      b. 

 

       
c.                                      d.                        

    

       
                       e.                                           f.                                             g.     
 
FIGURE E.12.  Specimen 12 (L-6):  Mediolateral (a) and craniocaudal (b) view radiographs 
of the left tibia taken prior to the biomechanical testing, compared to the mediolateral (c) 
and craniocaudal (d) radiographs of the same specimen, and its medial (e), cranial (f) and 
lateral (g) photographic view, taken after completion of the biomechanical tests.  No 
separation of fragments; short oblique fracture between the head of the lag screw and 
the tip of screw 4 on the craniolateral aspect of the bone, running in a dorsoventral 
oblique direction; the bone plate and screws were intact, without any plastic 
deformation.  (Screws in plate holes numbered 1 to 6 proximo-distally). 
 
 
 

 

 
 
 


























